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The responses of Arabidopsis thaliana ecotypes to the
bacterial pathogen Pseudomonas syringae pv.
maculicola 4326 (Psm4326) harboring cloned
avirulence genes avrB and avrRpt2 from P. syringae pv.
glycinea were examined. Psm4326 containing avirulent
genes, avrB and avrRpt2 induced lignification and peroxidase activities in the bacteria infiltrated leaves of
Col-O only and not in Mt-O, Bla-2 and Po-1. However,
Arabidopsis ecotypes infiltrated with Psm4326 harboring with and without avirulent genes all showed differential induction of mRNA for peroxidase gene and lignin accumulation up to 24 h after infiltration. Only
avrB gene in Col-O showed strong corelationship between peroxidase mRNA expression as well as lignification gradually up to 36 h after infiltration. These
results extend previous observations that avirulence
genes from pathogens of one host plant can be recognized by non-host plants and provide the genetic
framework for analysis of the plant-specific response
to the bacterial avirulent gene products in A. thaliana.
Keywords: Arabidopsis; avrB; avrRpt2; Lignification;
Peroxidase; Psm4326.

Introduction
Lignin is a polymer of aromatic subunits derived from
phenylalanine. It serves as a hardness around the polysaccharide essentials of some plant cell walls, providing additional hardness and compressive strength as well as performing the walls hydrophobic and water impermeable
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(Bohnert et al., 1995; Dixon and Lamb, 1990; Dixon and
Paiva, 1995; Lewis and Yamamoto, 1990; Monties, 1989;
Vance et al., 1980). In addition to the importance of lignin
to growth in land plants, lignin deposition can be induced
in many cell types by disease and wounding (Monties,
1989; Vance et al., 1980).
Induced lignification around infection sites is generally
accompanied by increased phenylalanine ammonia lyase
(PAL), o-methyltransferase, cinnamic acid-CoA-ligase
and peroxidase activities (Atanassova et al., 1995; Keiser
et al., 1995; Lee et al., 1995; Ohl et al., 1990; O’Malley
et al., 1993; Ye and Varner, 1995). This cooperated induction of enzyme activities may resonate activation or induction of multienzyme complexes associated with lignin
biosynthesis. Resistance of plants to pathogens is often a
result of the rapid induction of a localized hypersensitive
response (HR) by the plant at initial infection sites
(Baillieul et al., 1995; Davis and Gustine, 1992; Dixon et
al., 1994; Klement 1992; Mittler and Lam 1995; Tiburzy
and Reisener 1990). The HR is accompanied by productions of phytoalexins, secretion of enzymes such as
chitinase and β-glucanase which hydrolyze fungal cell
walls and deposition of extracellular molecular barriers
such as lignin.
Plant peroxidases catalyze the last enzymatic step in the
biosynthesis of lignin, notably the conversion of cinnamyl
alcohols into their free-radical forms at the expense of
H2O2. Plant peroxidases are also believed to be responsible for the generation of H2O2 from molecular oxygen and
NADH. Both of these events occurred at extracellular
matrix, and could regulate lignin biosynthesis. Peroxidases normally exist in plants as multiple isoenzymes (Dean
and Eriksson, 1994; Graham and Graham, 1991). Measurable peroxidase activity can often increase severalfold
above control levels in infected plants or by the treatment
of pectic fragments, and in some cases these increases are
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attributable to increases in the activities of specific
isoenzymes (Bruce and West, 1989).
There are several examples of avirulent (avr) genes
originally identified in bacterial pathovars of one plant
species that can act to attenuate virulence in non-host
plants (Kobayashi et al., 1989; Wanner et al., 1993;
Whalen et al., 1988; 1991). Wanner et al. (1993) showed
that only avrB gene out of four avirulence genes (avrA,
avrB, avrC, and avrD) tested was recognized by A. thaliana in terms of attenuation of disease symptoms and induction of PAL and lipoxygenase mRNA expression.
In Arabidopsis, the molecular basis of plant-bacterial
interactions including induction of pathogenesis related
enzymes has been studied in several laboratories but little
is known about the control of lignification and activation
of peroxidase induced by both virulent and avirulent
strains of Pseudomonas. In this paper, we describe the
relationship between lignification and peroxidase activation after Pseudomonas infiltration in Arabidopsis that
suggest the two possible mechanisms of lignification by
infections of avirulent and virulent Pseudomonas strains.

Materials and Methods
Bacterial strains and growth conditions Pseudomonas syringe pv. maculicola 4326 (Psm4326) and Psm4326 harboring
avrB, which were resistant to rifampicin (Rif), were grown in
King’s B (KB) medium with 50 g/L Rif (King et al., 1954) at
28oC. Psm4326 harboring avrRpt2 gene was grown in KB medium containing 50 g/L tetracycline.
Arabidopsis thaliana ecotypes and growth conditions A collection of A. thaliana ecotypes was obtained from Dr. Roger
Innis (Indiana University, USA). Seeds were sown in flats containing artificial soil (Metro-Mix 200; W.R. Grace; USA) presoaked with tap water, covered with a plastic dome, and placed
in growth chambers operating at 18−22oC, 50−80% RH, with a
day length of 10 to 12 h being supplied by fluorescent bulbs
providing an intensity of 100−200 µE.M-2.s-1. One to 2 weeks
after sowing, the covers were removed and the seedlings were
watered as needed.
Inoculation procedures Bacterial inocula were prepared from
mid- to late-log phase cultures (A600nm = 0.5−1.5). Bacteria were
pelleted by centrifugation and resuspended in an equal volume
of sterile 10 mM MgCl2. Concentrations of bacteria were estimated by measuring the A600nm of the bacterial suspensions and
were adjusted by diluting with sterile 10 mM MgCl2. Plants
were used 4−6 weeks after sowing before any signs of bolting
were evident. Bacteria were introduced by infiltration with a
syringe, without a needle, through the underside of fully expanded leaves.
Lignin measurement Leaf discs were extracted for lignins as

previously described (Graham and Graham, 1991). Samples for
phenolic analysis were first extracted in 80% ethanol (400 µl/50
mg fresh weight tissue). The insoluble residue was collected by
centrifugation and reextracted with 1 ml of 80% ethanol and
twice with 1 ml of methanol. The precipitate was then suspended in 500 µl of 10% thioglycolic acid in 2 N HCl (v/v) and
transferred to a glass HPLC autoinjection vial (2 ml; National
Scientific Co., USA) with a fresh Teflon seal. The suspension
was heated at 100oC for 4 h, cooled, transferred to a fresh microfuge tube, and centrifuged at 18,000 × g for 6 min. The resultant pellet was washed with 500 µl of deionized, distilled
water and recentrifuged. The washed pellet was then suspended
in 500 µl of 1 N NaOH and vortexed several times over a period
of at least 2 h to solublize the thioglycolic acid derivatives. The
polymeric thioglycolic acid derivatives were then reprecipitated
by adding of 200 µl of concentrated (10 N) HCl and cooling on
an ice bath for 1 h. After centrifugation of the flocculent reddish-brown precipitate, the pellet was redissolved in 1 ml of 0.5
N NaOH. The absorbance of the resultant orange solution was
taken at 335 nm as a measure of phenolic polymer deposition.
Determination of peroxidase activities Leaf disks were extracted for enzyme activities, and protein concentrations were
determined as previously described (Kombrink et al., 1986).
Peroxidase activity was determined by measuring the change in
the A470nm of a reaction mixture containing 1 µl of protein extract (approximately 2 µg of protein), 10 mM sodium acetate
(pH 6.0), 10 mM guaiacol, and 10 mM H2O2 in a total volume
of 3.0 ml. Assay mixtures were incubated at 30oC, and the A470
was measured during the first 2 min of the reaction. Assays were
done in duplicate and the readings were averaged. The readings
from duplicate assays varied by 10% or less.
RNA preparation and RNA blot analysis Two or three leaves
were harvested from each of three or four different plants receiving the same treatment (approximately 0.2 g total fresh
weight) and frozen with liquid nitrogen. Total RNA was isolated
using a modification of published procedures (Pih et al., 1999).
Frozen leaves were ground to a fine powder with a mortar and
pestle precooled with liquid nitrogen. The powder was transferred to a 1.5 ml microtube containing 0.55 ml of extraction
buffer (0.2 M Tris-HCl, pH 9, 0.4 M LiCl, 25 mM EDTA, and
1% SDS) and 0.55 ml of phenol saturated with H2O. Samples
were centrifuged at high speed for 2 min in a microcentrifuge;
the supernatant was recovered and extracted twiced with an
equal volume of phenol followed by extraction with an equal
volume of chloroform. RNA was precipitated by adding onethird volume of diethyl pyrocarbonate (DEPC)-treated 8 M LiCl
(usually about 0.25 ml) and leaving on ice for 3 h. Precipitated
RNA was pelleted by centrifugation, dissolved in 0.3 ml of
DEPC-treated H2O and ethanol-precipitated in the presence of
0.3 M sodium acetate, pH 5.2. RNA was collected by centrifugation, dried under vacuum, dissolved in 50 ml of DEPC-treated
H2O, and quantitated spectrophotometrically by measuring the
A260nm.
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RNA blots were prepared as described by Sharma and Davis
(1994). Hybridization, autoradiography, and the determination
of relative mRNA levels by scanning densitometry were conducted as previously described. RNA samples from each experiment were analyzed in at least two independent blots and each
experiment was repeated at least twice.

Results and Discussion
Induction of lignin deposition by Psm None of the
phluroglucinol staining gave a clear, positive result with
ecotype Col-O leaves treated with 10 mM MgCl2. Only
veins were stained red and there was no difference between MgCl2 treated and non-treated leaves (Fig. 1A).
But a virulent strain, Psm4326 developed pale red staining on 48 h after infiltration. When leaves of Psm4326
avrB and Psm4326 avrRpt2 infiltrated were treated with
phluroglucinol for staining lignin, responses were seen in
the bacteria infiltrated-lesions as well as cell walls of xylem vessels and mechanical fibers around veins (Fig. 1B).
The red staining by phluroglucinol in Psm4326 avrB and
Psm4326 avrRpt2 infiltrated leaves was turned out just 24
h and 36 h after infiltration with bright red color and the
intensity of red staining became darker according to 48
and 72 h after inoculation (Table 1). This observation was
interesting to us because lignification was one of plant
defense mechanism against phytopathogenic microbes or
abiotic stresses. The virulent strain, Psm4326 induced
typical disease symptoms like water-soaking, necrosis and
chlorosis on infiltrated tissues and these tissues were
turned out red 48 or 72 h after infiltration by
phluroglucinol staining (Table 1). It means that lignin
accumulation in the interactions between Arabidopsis and
Psm4326 may be also induced during the late stage of
disease symptom development.
When autofluorescencing sites in MgCl2 infiltrated leaf
tissue were observed with bright field illumination (Fig.
1C), they were slightly yellowish and cells appeared
granular. UV micrography revealed that Psm4326 avrB
and Psm4326 avrRpt2 infiltrated leaf tissues and secondary wall thickenings of xylem vessel elements reflected
the yellow light in the bright illumination of 500 nm
moderately to strongly (Fig. 1D). In contrast, Psm4326
infiltrated leaf tissues showed the reflections of paleyellow in the illumination of 500 nm at 48 or 72 h after
infiltration (data not shown).
The comparisons of histochemical experiments with
phluroglucinol staining and autofluorescence showed that
the tissues shown HR by Psm4326 avrB and Psm4326
avrRpt2 as well as necrosed tissues induced by Psm4326
accumulated lignins in infiltrated sites with different intensity and brightness. However, the mechanisms and
purposes of lignification and phenolics accumulation
shown in avirulent and virulent Pseudomonas infiltrated

Fig. 1. Lignin deposition in Arabidopsis ecotype Col-O leaves
induced by Psm4326 harboring avrB gene by staining with
phluroglucinol/HCl and under the fluorescence microscope. A.
MgCl2 infiltrated leaves stained by phluroglucinol/HCl. B.
Psm4326 avrB infiltrated leaves stained by phluroglucinol/HCl.
C. MgCl2 infiltrated leaves under the fluorescent microscope. D.
Psm4326 avrB infiltrated leaves under the fluorescent microscope.

tissues seem to be different because the lignification was
induced by different time points after infiltration (faster in
Psm4326 avrB and Psm4326 avrRpt2, but later in
Psm4326). Psm4326 avrB and Psm4326 avrRpt2 infiltrated tissues showed very localized HR and Pseudomonas
failed to spread to new tissues. However, Psm4326 infiltrated tissues expanded from infiltrated tissues to healthy
neighbor tissues.
As we mentioned in Materials and Methods,
thioglycolic acid assay was highly sensitive and can be
readily applied to samples as small as 1 mg without any
changes in the derivativeness, extraction, or precipitation
volumes. Upon avirulent Psm4326 avrB infiltrated ecotype Col-O leaves, however, the phenolic polymer content
of cells including immediately adjacent to the infiltrated
cells increased with time. This was a relatively rapid response, becoming apparent only after 12 h and continuing
gradually over the period 24 to 48 h (Fig. 2). Another
avirulent strain, Psm4326 avrRpt2 infiltrated leaves did
accumulate phenolic polymers but lower level than
Psm4326 avrB did. In contrast, virulent strains elicited
phenolic polymer deposition on and near the infiltrated
tissues as early as 24 h (Fig. 2). Although the phenolic
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polymer contents of

sentative of at least three independent experiments.

virulent strains infiltrated leaves at 48 or 72 h were relatively measurable, it was consistently below a quarter
times of avirulent Psm4326 avrB infiltrated tissues. In the
cases of other three ecotypes, Mt-O, Bla-2 and Po-1, there
is no difference between P. s. pv. maculicola with and
without avirulent genes (Fig 2).

Fig. 2. Lignin accumulation in 4 ecotypes of Arabidopsis. Leaf
discs were harvested at the indicated number of hours after infiltration with Psm4326 with and without avr genes (avrB and
avrRpt2) were analyzed by LTGA assay. Data shown are repre-

Induction of peroxidase involved in lignification on
Arabidopsis Peroxidases can catalyze the polymerization
of phenolic components of lignin and suberin. Peroxidases have been implicated in many diverse physiological
processes such as dormancy, organogenesis, aging, lignification and suberization. We measured the total peroxidase enzyme activities to verify the relationships of lignification and peroxidase actions induced by the interactions between avirulent and/or virulent bacteria on Arabidopsis (Fig. 3). Total peroxidase activity was detectable
at low level in MgCl2 treated and untreated Arabidopsis
leaves. Psm4326 did not cause significant peroxidase activation until 24 h after infiltration (HAI) and then this
strain started to induce peroxidase activation gradually on
four Arabidopsis ecotypes, Col-O, Mt-O, Po-1, and Bla-2
(Fig. 3). At the last time point (72 HAI) we tested,
Psm4326 activated peroxidase with about 0.5 OD at 470
nm.
Avirulent strains Psm4326 avrB and Psm4326 avrRpt2
induced peroxidase activation as early as 24 h after infiltration and kept the induction up to 72 h after infiltration
on four Arabidopsis ecotypes. Generally Psm4326 avrB
and Psm4326 avrRpt2 induced peroxidase activities higher than Psm4326 on four Arabidopsis ecotypes. But, the
difference of peroxidase activities induced by virulent and
avirulent bacteria was not much big. However, in ecotype
Col-O, the peroxidase activation induced by Psm4326
avrB and Psm4326 Rpt2 was two folds higher than in virulent strain did (Fig 3). In only ecotype Col-O, avirulence
genes seemed to be recognized.
These data suggested that the coordinately induced peroxidase activities of Psm4326 avrB and Psm4326
avrRpt2 infiltrated tissues, which correlate tightly in
phluroglucinol staining experiment, played a role in plant
defense against pathogens. But we were not sure that the
same peroxidase isozyme was induced by virulent and
avirulent Pseudomonas infiltration. Because in case of
Psm4326 infiltrated tissues, the data of peroxidase activities were not correlated well with the lignin staining results. It may be that peroxidase induced in virulent Pseudomonas infiltrated tissues was not the major role for lignification. Additional functions of peroxidase activated in
symptomatic tissues by virulent strain may be present.
And there is no pinpointed report about the isolation and
characterization of the lignin peroxidase isozymes even
though so many papers about the isolation of peroxidases
correlated lignification were reported.
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Peroxidase could be induced by pathogen infection as
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representative of at least three independent experiments.

Fig. 4. Peroxidase mRNA accumulation in Arabidopsis ecotype
Col-O. Northern blots of total RNA from leaves harvested at the
indicated number of hours after infiltration with Psm4326 with
and without avirulence genes (avrB and avrRpt2) were hybridized to a peroxidase gene. The hybridization signal in each lane
was quantified using a PhosphoImager, and the data are presented as cumulative counts blots that were hybridized and imaged
together. Data shown are representative of at least three independent experiments.

Fig. 3. Time courses for the induction of peroxidase enzyme
activities in 4 ecotypes of Arabidopsis. Leaf discs were harvested at the indicated number of hours after infiltration with
Psm4326 with and without avr genes (avrB and avrRpt2) were
analyzed with a guaiacol as a substrate at 30oC. Data shown are

well as may be involved in the action of resistant genes
(Tang et al., 1999; Vera et al., 1993). Interestingly, mesophyll cells of 35S::Pto plants showed the accumulation of
autofluorescent compounds, callose deposition, and lignification. And all 35S::Pto plants displayed significant
resistance and supported less bacterial growth than did
nontransgenic plants. These reports supported that peroxidase and its related lignification played very important
roles in plant resistance to bacterial infection.
Here, with the interactions between Arabidopsis ecotypes and Psm4326 carrying avrB and avrRpt2, we compared the peroxidase enzyme activities with lignification.
There might be two types of peroxidase reactions involved in the interactions of Arabidopsis and Pseudomonads. First, the peroxidase activity shown in Psm4326
avrB and Psm4326 avrRpt2 might be involved in defense
reactions to polymerize phenolics into lignins. Second,
the peroxidase activity shown in virulent strain may be
involved in disease symptom development.
A close correlation has been demonstrated between the
recognition of avirulence genes by A. thaliana and the
activation of defense-associated genes (Davis et al., 1991;
Dong et al., 1991). We used RNA blot analysis to examine the induction kinetics of peroxidase, which catalyzes
the lignification, in the ecotype Col-O leaves infiltrated
with P. s. pv. maculicola with and without avirulent genes.
Increased levels of peroxidase gene are detected within 5
hours after infiltration with P. s. pv. maculicola with and
without avirulent genes (Fig. 3), maximal levels by
avrRpt2 gene and Psm4326 are reached about 24 h after
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infiltration. But infiltration of Col-O with Psm4326 avrB
resulted in increase in peroxidase mRNA gradually up to
36 h after infiltration. Our studies reconfirmed that avrB
was recognized in ecotype Col-O and these results also
extend initial findings that Arabidopsis can recognize specific bacterial avirulence genes by showing the relationships between peroxidase induction and lignification, and
adds to the growing body of evidence that true gene-forgene interactions can be studied in this organism.
In summary, the P. s. pv. glycinea avrB gene in P. s. pv.
maculicola is recognized in the Arabidopsis ecotype ColO, and the presence of this single bacterial gene results in
attenuation of disease symptoms, inhibition of bacterial
multiplication, induction of defense gene expression and
defense-associated secondary metabolites (Innes et al.,
1993; Kunkel et al., 1993; Reuber and Ausubel, 1996;
Stahl et al., 1999). The Arabidopsis corresponding gene to
avrB was cloned (Leister and Katagiri, 2000; Leister et al.,
1996) and these findings would enhance our understanding of how disease symptom is attenuated by the interaction of avr genes and resistant genes, initiating the series
of biochemical events that affect the resistant response.
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